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(54) Bipolar transistor and method of fabricating it 



(57) A self-aligned bipolar transistor, which has a 
small base resistance and small emitter-base and col- 
lector-base capacitances and is operable at high speed, 
is characterised in that a low concentration collector 
region (8) made of single-crystal Si-Ge is formed by 
self-alignment between an intrinsic base (9) of single- 
crystal Si-Ge and a collector layer (3). and that an 
extrinsic base electrode (6) and the intrinsic base (9) 
are interconnected only through a doped external base 
(10). Due to the formation of the low concentration 
region (8) of single-crystal Si-Ge, no energy barrier is 
established at the collector-base interface, so that the 



transit time of the carriers charged front the emitter (15) 
is shortened. The connection between the intrinsic base 
(9) and the extrinsic base electrode (6) via the doped 
external base (10) results in a reduction of the base 
resistance, in addition, the self-aligned formation of the 
emitter-base-collector leads to a reduction in capaci- 
tance between the emitter and the base and also 
between the collector and the base. Accordingly, a high- 
speed bipolar transistor can be realised and thus, cir- 
cuits using the transistor are operable at high speed. 
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Oescription 

BACKGROUND OF THE INVENTION 

This invention relates to a bipolar transistor and 
also to a method of fabricating the same. More particu- 
larly, the invention relates to a bipolar transistor and its 
fabrication method wherein angle crystal silicon germa- 
nium is used as an intrinsic base layer. 

A conventional bipolar transistor of the type wherein 
single crystal silicon germanium is used as an intrinsic 
base layer is described, for example, in Technical 
Report of the Institute of Electronics, Information and 
Communication Engineers SDM91-124. pp. 19 to 24. 
1991. The structure in section of the prior art bipolar 
transistor is shown in Rg. 2. 

With reference to Fig. 2. a method of fabricating the 
prior art bipolar transistor is briefly illustrated. In Rg. 2, 
reference numeral 21 indicates a silicon substrate. After 
epitaxial growth of a low concentration n-type silicon 
layer 23, serving as a collector layer, on a high concen- 
tration n-type buried layer 22 formed in the silicon sub- 
strate 21. a device isolation layer 24 is formed by 
selective oxidation. 

Subsequently, a base-coHector isolation layer 25, 
an extrinsic base electrode 26 made of polysilicon, and 
an emitter-base isolation layer 27 are formed on the low 
concentration n-type silicon layer 23.. The emitter-base 
isolation layer 27 and the extrinsic base electrode 25 
are. respectively, etched to form an opening. 

After coverage of the side walls of the extrinsic base 
electrode 26 with an insulating layer 27a, single crystal 
silicon germanium is epitaxialiy grown to form an intrin- 
sic base layer 28. Simultaneously with the epitaxial 
growth of the single crystal silicon germanium, an 
extrinsic base 29 made of polysilicon is deposited from 
the bottom surface of the overhang of the base elec- 
trode 26, so that when the growth is continued, the 
intrinsic base layer 28 and the extrinsic base electrode 
26 are connected through an extrinsic base 29. 

To prevent the conduction between the extrinsic 
base 29 and an emitter, an emitter-base isolation layer 
30 is formed. An n-type polysilicon 31 in which arsenic 
is doped at a high concentration is deposited in the 
opening, followed by annealing to cause the arsenic to 
be diffused into the irttrinsic base layer 28, thereby form- 
ing an emitter layer 32. After formation of an insulating 
layer 33. an electrode 35 is formed. It will be noted tiiat 
reference numeral 34 indicates a high concentration n- 
type collector electrode layer. 

The profiles of germanium and the impurities in the 
known bipolar transistor wherein single crystal silicon 
germanium is used as an intrinsic base layer are, 
respectively, shown in Rgs. 3 A and 3B- Rg. 3 A is a 
compositional profile of germanium, and Rg. 3B is a 
concentration profile of the respective impurities. In the 
figures. and jgc shown by the broken lines, respec- 
tively, indicate an interface of emitter-base junction and 
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an interface of base-collector junction. 

As will be appreciated from Rg. 3A. because dop- 
ing is carried out during tiie course of the growth of tiie 
single crystal silicon germanium, tine intrinsic base layer 

5 made of single crystal silicon germanium is formed 
directly on the collector region made of single crystal sil- 
icon. The energy band structijre of the bipolar transistor 
having this profile is shown in Rg. 4. The energy bamer 
ascribed to the difference in band gap between the sin- 

10 gle crystal silicon and the single crystal silicon germa- 
nium is aeated at the base-collector interface. Jbc. w't*^ 
the attendant problem that the transit time of the carriers 
charged from the emitter becomes long. 

Japanese Laid-open Patent Application No. 3- 

75 125476 proposes a heterobipolar transistor structure 
wherein both a base layer and a low impurity concentra- 
tion collector layer are formed of a mixed crystal of sili- 
con germanium in order to prevent an energy barrier 
against a collector cunrent to be developed between the 

20 base layer and the low impurity concentration collector 
layer. If this is applied to the above-stated type of bipolar 
transistor structure where the base electrode is seif- 
alignedly established. e.g. if a single crystal silicon ger- 
manium layer is formed between the irrtrinsic base layer 

25 28 and the low concentration collector layer 23 in a self- 
aligned manner, as shown in Fig. 2. polysilicon germa- 
nium of low concentration is undesirably deposited 
beneath the extrinsic base electrode 26 made of polysil- 
icon. In this way. an extrinsic base having a high resist- 

30 ance is formed between the extrinsic base electrode 26 
and the intrinsic base layer 28. This, in turn, presents 
the problem that the base resistance increases and. 
thus, the circuit operation becomes slow. 

Moreover, an n-type impurity from the high concen- 

35 tration polysilicon 31 serving as an emitter electrode is 
diffused into tiie single crystal silicon germanium layer 
28 which has been formed while doping, so that the 
concentration of the impurity at the emitter-base junc- 
tion becomes high as is particularly shown in Rg. 3B. 

40 This leads to the problem tiiat a tunnel effect takes 
place at the emitter-base interface and the leakage cur- 
rent in the base region increases. 

Japanese Laid-open Patent Application No. 7- 
147287 discloses a bipolar transistor wherein the for- 

45 mation of a parasitic energy barrier in a base-collector 
junction region is prevented and thus, the frequency cut- 
off is suppressed from lowering. To this erxi, the bipolar 
tiansistor is so arranged that a base layer and a collec- 
tor layer are, respectively made of single crystal silicon 

50 containing germanium. Ge is distributed in tiie base 
layer such tiiat its concentration is lower at the side of 
the emitter layer and is higher at the side of tine collector 
layer. Likewise, Ge is distributed in ttie collector layer 
such that its concentration is higher at the side of the 

55 base layer and is lower at the side of an n-type high con- 
centration buried layer in the inside of the collector layer. 
In addition, tiie concentration of Ge in the collector layer 
abruptiy decreases at tiie side of the base layer and 
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gently decreases at the side iJithe buried layer. The 
problem on the energy barrier could be avoided by 
application of this base-collector structure to the self- 
aligned extrinsic base electrode structure shown in Fig. 
2. However, as stated before, since the low concentra- 5 
tion poiysiiicon germanium is deposited beneath the 
extrinsic base electrode 26, there is still left the problem 
that the base resistance increases, causing the circuit 
operations to be delayed. 

Japanese Laid-open Patent Application No. 5- 10 
2061 51 discloses a bipolar transistor wherein an emitter 
region is seif-alignedly formed relative to an extrinsic 
base region and poiysiiicon for a base electrode. An 
intrinsic base layer made of a single crystal silicon ger- 
manium layer and poiysiiicon for base electrode are is 
connected with each other via an extrinsic base region 
formed by the diffusion of an impurity from the poiysiii- 
con for p+ base electrode. This structure is disadvanta- 
geous in that the capacitance of the junction between 
the diffused layer of the extrinsic base region and the 20 
collector becomes greater than with the case where the 
base electrode is self-alignedly taken out via the poiysii- 
icon layer directly connected with the Intrinsic base layer 
as shown in Hg. 2. 

25 

SUMMARY OF THE INVENTION 

It is accordingly an object of the invention to provide 
a bipolar transistor of the type using a single crystal sil- 
icon germanium layer as an intrinsic layer, wherein in 30 
■order to enable high-speed operations, the bipolar tran- 
sistor is designed to have no energy barrier at the col- 
Jector base interface, to have a small base resistance, 
and to have small capacitances between the emitter 
and the base and also between the collector and the 35 
base. It is another object of the invention to provide a 
method of fabricating a bipolar transistor of the type 
mentioned above. 

The bipolar transistor according to the invention is 
characterized by comprising, at least: a multilayered film 4o 
which includes a single crystal silicon layer of a first con- 
duction type, e.g. a low concentration n-type collector 
layer 3 serving as a first collector region in Fig. 1 , a first 
insulating layer (i.e. a collector base isolation layer 5) 
formed on the surface of the single crystal silicon layer 4S 
of the first conduction type and having an opening 
therein, a polycrystalline layer of a second conduction 
type opposite to the first conduction type (i.e. an exti-in- 
sic base electrode 6 made of a p-type poiysiiicon). and 
a second insulating layer (i.e. an emitter-base isolation so 
layer 7); a single crystal silicon germanium layer of the 
first conduction type (i-e. a low concentration n-type col- 
lector layer 8 made of single crystal silicon germanium ) 
formed in the opening; a single crystal silicon germa- 
nium layer of the second conduction type (i.e. a p-type ss 
intrinsic base layer 9 made of single crystal silicon ger- 
manium) formed on the single crystal silicon germanium 
layer of the first conduction type; and a poiysiiicon ger- 



manium layer of tto second conduction type (i.e. a p- 
type extrinsic base layer 10 made of poiysiiicon germa- 
nium layer) formed in contact with both the single crystal 
silicon germanium layer of the second conduction type 
and the polycrystalline layer of the second conduction 
type. 

More particularly, the bipolar t-ansistor of the inven- 
tion includes a silicon substrate, and the second collec- 
tor layer made of single crystal silicon germanium of low 
concentration and formed in the opening of the first 
insulting layer formed in the first collector region of the 
substrate. The bipolar transistor has such a structure 
that the extrinsic base electrode made of poiysiiicon and 
the intrinsic base region formed on the second collector 
layer and made of single crystal silicon germanium 
doped with an impurity are contacted via an external 
base made of poiysiiicon germanium doped with an 
impurity. In this way, since the second collector layer 
made of single crystal silicon germanium is formed 
between the first collector layer and the intrinsic base 
made of single crystal silicon germanium, any energy 
barrier is not established between the collector and the 
base. This leads to the shortage in transit time of tiie 
carriers charged from tine emitter. In addition, the intrin- 
sic base and the extrinsic base electrode are connected 
only through the doped external base of low resistance, 
resulting in the reduction of a base resistance. The emit- 
ter, base and collector are self-alignedly formed, so tiiat 
the capacitances between the emitter and the base and 
also between the collector and the base can be 
reduced, respectively. This means that the bipolar tran- 
sistor of the invention is enabled to operate at high 
speed. 

In the bipolar transistor, the polycrystalline layer of 
the second conduction type should preferably consist of 
a poiysiiicon layer or a poiysiiicon germanium layer. 

The single crystal silicon germanium layer of the 
first conduction type i.e. the thickness of the lower con- 
' centration n-type collector layer 8 serving as the second 
collector layer in Rg. 1 , should preferably be at least 5 
nm. 

It is also preferred to further form, on the single 
crystal silicon germanium layer of the second conduc- 
tion type, a second single crystal layer of the second 
conduction type with an impurity concentration lower 
than that of the single crystal silicon germanium layer of 
the second conduction type. More particulariy, as 
shown in Fig. 1 . a single crystal cap layer 11 of low con- 
centration is preferably formed in association with the 
structure wherein the intrinsic region 9 and the extrinsic 
base electi-ode 6 are connected via the doped external 
base 1 0. 

In this case, the second single crystal layer of the 
second conduction type should preferably consist of a 
single crystal silicon layer or a single crystal silicon ger- 
manium layer. 

Preferably, a second single crystal layer of the first 
conduction type is formed on the single crystal silicon 
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germanium layer of the second conduction type. More 
particularly, it Is prefen-ed to form, on the intrinsic base, 
a singie crystal layer serving as an emitter layer formed 
by ^itaxial growth. 

The second single crystal layer of the first conduc- 
tion type should preferably consist of a single crystal sil- 
icon layer or a single crystal silicon germanium layer. 

In any types of bipolar transistors set out above, the 
compositional ratio of germanium in the single crystal 
silicon germanium layer of the second conduction type 
should preferably have such a profile as to decrease 
from the side of the single crystal silicon layer of the first 
conduction toward the surface. This is particularly 
shown in Fig. ISA wherein the content of germanium in 
the base layer has a profile of decreasing from the col- 
lector side toward the emitter side. 

Alternatively, the compositional profile of germa- 
nium in both the singie crystal silicon germanium layer 
of the second conduction typ>e and the single crystal sil- 
icon germanium layer of the first conduction type may 
be such that its content decreases from the side of tiie 
single crystal silicon layer of the first conduction type 
toward the surface. More particularly, as shown in Rg. 
1 7A. the composition of germanium in the layers includ- 
ing the low concentration coiiector layer should have a 
profile of decreasing from the collector side toward the 
emitter side. 

Still alternatively, tiie compositional profiles of ger- 
manium in the single crystal silicon germanium layer of 
the second conduction type and the single crystal sili- 
con germanium layer of the first conduction type may be 
such that they, respectively, decrease from the side of 
the single crystal silicon layer of the first conduction type 
toward the surface, with tiieir gradients in the single 
crystal silicon germanium layer of the second conduc- 
tion type and the single crystal silicon germanium layer 
of the first conduction type differing from each other. 
More particularly, as shown in Rg. 19A, the gradients of 
the compositional profiles of germanium in the intrinsic 
base layer and the low concentration n-type collector ^ 
may be different from each other. 

Yet still alternatively, the compositional profile of 
germanium in the single crystal silicon germanium layer 
of the second conduction type may decrease from the 
side of the single crystal silicon layer of the first conduc- 4 
tion type toward the surface, and the compositional pro- 
file of germanium in the single crystal silicon 
germanium layer of the first conduction type may 
decrease from the surface toward the side of the single 
crystal silicon layer of the first conduction type. As 5, 
shown in Rg. 21 A. these profiles are such that tiie con- 
tent of germanium in the intrinsic base decreases from 
the side of the collector toward the side of the emitter, 
and the content of germanium in the low concenfration 
n-type collector layer decreases from tiie side of the Si 
- base toward to tiie side of tiie collector. 

The method of febricating a bipolar ti-ansistor 
according to the invention comprises, at least, the steps 



of forming a multi-layered film including a first insulating 
layer formed on tiie surface of a single crystal silicon 
layer of a first conduction type and having an opening 
tiierein, a polyaystalline layer of a second conduction 

5 type opposite to the first conduction type, and a second 
insulating layer, forming a single crystal silicon germa- 
nium layer of the first conduction type in the opening, 
and forming a single crystal silicon germanium layer of 
tiie second conduction type on tiie single crystal silicon 

10 germanium layer of the first conduction type and simul- 
taneously forming a pplysilicon germanium layer of tiie 
second conduction type which is in contact witii both the 
single crystal silicon germanium layer of the second 
conduction type and ttie polycrystalline layer of the sec- 

75 ond conduction type. 

In this fabrication method, tiie step of forming the 
single crystal silicon germanium layer of tiie first con- 
duction type and tiie step of forming the single crystal 
silicon germanium layer of tiie second conduction type 
?o are tiiose steps of ttie formation through epitaxial 
growtii and are characterized in that the epitaxial growtin 
is carried out under conditions of a growtii temperature 
of 500**C to 700^C and a growth pressure lower tiian 
100 Pa. 

?5 In short, the method of fabricating a bipolar transis- 
tor according to tiie invention includes tiie epitaxial 
growtii of tfie single crystal silicon germanium for tiie 
second low concentration collector, tiie inti-insic base 
layer and the low concentration cap layer of the bipolar 
0 ti-ansistor under conditions of a temperature of from 
500*»C to yoo-'C and a pressure lower tiian 100 Pa. 
When the epitaxial growtii is performed under such con- 
ditions as mentioned above, it becomes possible not to 
have polysiiicon germanium deposited on the polysiii- 
5 con depending on the content of germanium and the 
grown layer thickness when the single crystal silicon 
germanium layer is grown on the single crystal silicon. 
In this way, when the second low concenti^ation collector 
layer is formed, it is suppressed that a low concentration 
' polysiiicon germanium is grown from tiie bottom surface 

of tiie overhang of the extrinsic base electrode made of ^ 
a polycrystalline layer. On ttie other hand, when using 
tiie above-indicated growtii conditions at the time of 
forming the high concentration intrinsic base, a high 
concentration polycrystalline layer grows from the bot- 
tom surface of the overhang of tiie exti-insic base elec- 
frode to form an external base layer. In this condition, 
when the total in thickness of the intrinsic base and the 
external base becomes equal to a difference in tiie 
thickness between tiie collector base isolation layer and 
the second low concentration collector layer, tiie inti-in- 
sic base and the extrinsic base electrode can be 
brought into contact witii the external base. 

An optical reception system of tiie invention com- 
prises a photo detector for recaving an optical signal 
and outputting an electi-ic signal, a first amplifier circuit 
for receiving the electric signal from ttie photo detector, 
a second amplifier circuit for receiving an output from 
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the first amplifier circuit, and aTecision circuit for con- 
verting the output of the second amplifier to a digital sig- 
nal in synchronism with a given clock signal. In this 
optcial reception system, the first amplifier circuit is 
characterized by comprising a first bipolar transistor 5 
whose base is connected to the photo detector, and a 
second bipolar transistor whose base is connected to a 
collector of the first bipolar transistor and whose collec- 
tor is connected to the input of the second amplifier cir- 
cuit, wherein at least one of the first and second bipolar w 
transistors is any one of the bipolar transistors of the 
invention defined hereinbefore. 

It is preferred that the first and second bipolar tran- 
sistors are formed on a single semiconductor chip, and 
the semiconductor chip and the photo detector are is 
mounted on a single board. 

These above and further objects and features of the 
invention will be seen by reference to the description, 
taken in connection with the accompanying drawings. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a sectional view showing a bipolar transis- 
tor according to a first embodiment of the invention: 
Fig. 2 is a sectional view showing a known bipolar 25 
transistor wherein single crystal silicon germanium 
is used as an intrinsic t^ase; 
Fig. 3A is a characteristic graph showing the com- 
positional ratio of Ge in the bipolar transistor shown 
in Fig. 2; 30 
Fig. 3B is a characteristic graph showing concen- 
tration profiles of impurities in the bipolar transistor 
shown in Fig. 2; 

Fig. 4 is a schematic view showing an energy band 
structure of the known bipolar transistor having 35 
such profiles as shown in Rgs. 3 A and 38; 
Fig. 5A is a characteristic graph showing a compo- 
sitional ratio of Ge in the bipolar transistor of the 
invention shown in Rg. 1 ; 

Fig. 5B is a characteristic graph showing concen- 40 
tration profiles of impurities in the bipolar transistor 
of the invention shown in Rg. 1 ; 
Fig. 6 is a schematic view showing an energy band 
structure of the bipolar transistor of the invention 
having such profiles as shown in Figs. 5A and 5B; 45 
Figs. 7A to 7C are. respectively, partially enlarged 
sectional views showing the steps of a method for 
fabricating active regions of the bipolar transistor of 
the invention shown in Rg. 1 ; 

Figs. 8A and SB are, respectively, partially enlarged so 
section views showing the steps subsequent to the 
step of Fig. 7C; 

Fig. 9 is a characteristic graph showing tiie relation 
between the critical thickness of a single crystal sil- 
icon germanium layer formed by selective growth ss 
on single aystal silicon . relative to polysilicon and 
the compositional ratio of germanium; 
Fig, 10 is a sectional view of a bipolar transistor 



according to a second embodiment of the invention; 
Rgs. 11 A to lie are. respectively, partially 
enlarged sectional views showing the steps of a 
method for fabricating active regions of the bipolar 
transistor of the invention shown in Fig. 10; 
Rgs. 12A and 12B are, respectively, partially 
enlarged section views showing the steps subse- 
quent to the step of Fig. 110; 
Rg. 13 is a sectional view of a bipolar transistor 
according to a third embodiment of the invention; 
Rg. 14 is a sectional view of a bipolar transistor 
according to a fourth embodiment of the invention; 
Rg. 1 5A is a characteristic graph showing a compo- 
sitional ratio of germanium in a bipolar transistor 
according to a frftii embodiment of the invention; 
Rg, 15B is a characteristic graph showing concen- 
ti'ation profiles of impurities in the bipolar transistor 
according to the fifth embodiment of the invention; 
Rg. 16 is a schematic view showing an energy 
band structure of the bipolar transistor of the inven- 
tion having such profiles as shown in Figs. 15A and 
15B: 

Rg. 1 7A is a characteristic graph showing the com- 
positional ratio of germanium of a bipolar transistor 
according to a sixth embodiment of tiie invention; 
Rg. 17B is a characteristic graph showing concen- 
ti-ation profiles of impurities in tiie bipolar transistor 
according to the sixth embodiment of tiie invention; 
Rg. 18 is a schematic view showing an energy 
band structure of the bipolar transistor of the inven- 
tion having such profiles as shown in Rgs. 17A and 
17B; 

Rg. 19A is a characteristic graph showing the com- 
positional ratio of germanium of a bipolar transistor 
according to a seventh embodiment of the inven- 
tion; 

Rg. 19B is a characteristic graph showing concen- 
tration profiles of impurities in the bipolar transistor 
according to tiie seventh embodiment of the inven- 
tion; 

Rg. 20 is a schematic view showing an energy 
band structure of the bipolar transistor of the inven- 
tion having such profiles as shown in Rgs. 19A and 
19B; 

Rg. 21 A is a characteristic graph showing the com- 
positional ratio of germanium of a bipolar transistor 
according to an eighth embodiment of the inven- 
tion; 

Rg. 21 B is a characteristic graph showing concen- 
tration profiles of impurities in the bipolar transistor 
according to the eighth embodiment of the inven- 
tion; 

Rg. 22 is a schematic view showing an energy 
band sti^ucture of the bipolar ti-ansistor of the inven- 
tion having such profiles as shown in Rgs. 21 A and 
21 B; 

Rg. 23 is a circuit diagram of a pre-amplrfier circuit 
for an optical communication system to which the 
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bipolar transistor of the invention is applied; 
Rg. 24 is a sectional view of a front end module of 
the optical communication system shown in Rg. 23 
in which the pre-amplrfied circuit is integrated on a 
mounting board; 

Fig. 25 is a block diagram of a transmitter module of 
the optical communication system utilizing the cir- 
cuit and the module shown in Rgs. 23 and 24; 
Rg. 26 is a block diagram of a photo detection-type 
module of the optical communication system utiliz- 
ing the circuit and the module shown in Rgs. 23 and 
24; 

Fig. 27 is a black diagram of a mobile wireless 
transceiver to which the bipolar transistor of the 
invention is applied; and 

Fig. 28 is a circuit diagram of a D flip flop for pres- 
caler of PLL of a mobile wireless transceiver to 
which the bipolar transistor of the invention is 
applied. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

The bipolar transistors and fabrication thereof 
according to the embodiments of the invention are 
described in detail with reference to the accompanying 
drawings. 

Embodiment 1 

Rg. 1 is a sectional view of a bipolar transistor 
according to a first embodiment of the invention. A 
method for fabricating the bipolar transistor having such 
a structure as shown in Rg. 1 is described. 

A p-type silicon substrate 1 in which a high concen- 
tration n-type buried layer 2 is formed in emitter and col- 
lector regions is provided. A low concentration n-type 
collector layer 3 is epitaxially grown over the entire sur- 
face of the p-type silicon substrate 1 , and device isola- 
tion layers 4 are formed on portions except for the 
emitter region. 

Subsequentiy. a collector base isolation layer 5, an 
extrinsic base electrode 6 made of poiysilicon. an open- 
ing of an emitter-base isolation layer 7, and an emitter- 
base isolation film 7a on side walls of the extrinsic base 
electrode 6 are formed, respectively, as shown. 

The opening is formed with a low concentration n- 
type collector layer 8 made of single crystal silicon ger- 
manium, a p-type intrinsic base layer 9 made of single 
crystal silicon germanium, a p-type extrinsic base layer 
10 made of poiysilicon germanium, a low concentration 
p-type cap layer 1 1 made of single crystal silicon, and a 
low concentration p-type poiysilicon layer 1 2. 

After coverage of the extrinsic base with an emitter- 
base isolation layer 13. an emitter electrode 14 made of 
-high concentration n-type poiysilicon is deposited, fol- 
lowed by annealing to form an emitter region 1 5 witiiin 
the low concentration cap layer 11. 



After deposition of an insulating layer 16. an open- 
ing is formed correspondingly to a collector portion of 
tiie insulating layers 5. 7 and 16. and a high concentra- 
tion extrinsic n-type collector layer 17 is formed in the 

5 opening. Thereafter, openings corresponding to emitter 
and base portions are formed in the insulating layers 5. 
7 and 16 by etching through a resist mask. Rnally, an 
electrode 18 is formed in the respective openings for the 
emitter, base and collector as shown. 

10 In the above bipolar transistor, the exti-insic base 
electrode 6 may be made of poiysilicon germanium and 
the low concentration cap layer 1 1 may be made of sin- 
gle crystal silicon germanium. In place of the low con- 
centration poiysilicon layer 12. a low concentration 

15 silicon germanium layer may be used. In embodiments 
appearing hereinafter, these layers may be likewise 
used. 

The compositional ratio of germanium and concen- 
ti-ation profiles of impurities in the bipolar transistor of 

20 this emt>odiment are. respectively, shown in Rgs. 5A 
ard SB and tine energy band structure is shown in Rg. 
6. As will be seen from Rg. 5A, germanium is present 
not only in the base layer, but also in the collector 
region. .As a result as shewn in Rg. 6. the energy bar- 

25 rier ascribed to the different in the band gap between 
. the silicon and the silicon germanium is contained in the 
depletion layer between tiie collector and the base, so 
that the carriers charged from the emitter is accelerated 
by the action of an electric field. In this manner, the 

30 charged carriers can arrive at the collector without any 
influence of the barrier. 

As shown in Rg. 5B. the low concentration cap 
layer 1 1 is formed on the intrinsic base 9. for which tine 
impurity concentration at the emitter base junction is 

35 lower than that of the conventional counterpart shown in 
Rg. 38. This results in tiie reduction in tunnel current in 
the emitter base junction. It will be noted that in Fig. 58. 
the impurity concentration in the emitter region is for 
phosphorus (P), the impurity concentration in the base 

40 region is for boron (8), and the collector region includes 
two low concentration n-type layers 8 and 3 whose 
impurity concentration are. respectively, as low as 10^^ 
cm*^ or below, so that only an impurity profile of the high 
concentration n-type buried layer 2 using arsenic (As) 

45 as an impurity is shown. 

Rgs. 7A to 88 show a flowchart showing a method 
for making active regions which are essential parts of 
the bipolar transistor of this embodiment 

The low concentration n-type collector layer 3 made 

50 of single crystal silicon is formed thereon with the col- 
lector base isolation layer 5. the exfinsic base electrode 
6 made of poiysilicon (or poiysilicon germanium) and 
the emitter-base isolation layer 7. followed by etching to 
form an opening in the emitter-base isolation film 7 and 

55 the extrinsic base electrode 6. The emitter-base isola- 
tion film 7a is formed on the side walls of the exti'insic 
base electrode 6. after which ihe collector base isolation 
layer 5 arounc( the opening of the extrinsic base elec- 
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trode 6 is etched. to form an ovemang 6a of the extrinsic 
base electrode 6 (see Fig. 7A). 

Thereafter, in order to avoid formation of any 
energy barrier at the base-collector Interface, the sec- 
ond low concentration collector layer 8 made of single s 
crystal silicon germanium is formed by epitaxial growth 
on the low concentration n-type collector layer 3. At that 
time, while the difference between the commencing 
time of growth of single crystal silicon germanium on the 
single crystal silicon and the commencing time of io 
growth of polysilicon germanium on the polysilicon is 
utilized, the epitaxial growth is performed under condi- 
tions of not permitting the polysilicon germanium to be 
deposited on the bottom of the overhang 6a of the 
extrinsic base electrode 6. is 

For instance, where an epitaxial growth tempera- 
ture is set at 575**C and a growth pressure is set at 1 Pa. 
the relation between the layer thickness of the single 
crystal silicon germanium grown on the single crystal 
silicon, i.e. the critical layer thickness attained by the 20 
selective growth, before the polysilicon germanium 
starts to be deposited on the polysilicon and the compo- 
sitional ratio of germanium present in the single crystal 
silicon germanium layer is shown in Rg. 9, Rg. 9 
reveals, that where the layer consists of silicon alone 25 
(compositional ratio of Ge = 0%) and the single crystal 
silicon layer grown on the single crystal silicon has a 
thickness of 5 nm or below, any polysilicon is not depos- 
ited on the polysilicon. 

With the silicon germanium layer, as the composi- 30 
tional ratio of germanium increases, the layer thickness 
increases. At a compositional ratio of 1 5%, even though 
an about 20 nm thick single crystal silicon germanium 
layer is grown on the single crystal silicon, any polysili- 
con germanium is not deposited on the polysilicon. 35 
Accordingly, if a low concentration collector layer having 
a thickness smaller than the critical thickness is selec- 
tively grown, any low concentration polysilicon germa- 
nium layer is not deposited on the bottom surface of the 
overhang 6a of the extrinsic base electrode (see Rg. 40 
7B). 

The growth may be canied out using a gas source 
MBE (Molecular Beam Epitaxy) technique or a CVD 
(Chemical Vapor Deposition) technique. From the 
standpoint of the well-controlled selectivity, the CVD 45 
method is preferred. The temperature is in the range 
between not lower than SOO^C at which good selectivi- 
ties between polysilicon and single crystal silicon and 
also between an insulating material and single crystal 
silicon are obtained and not higher than 700**C at which so 
crystal defects start to develop. The growth pressure 
conditions may be 100 Pa or below at which a polysili- 
con germanium layer starts to grow from the bottom sur- 
face of the overhang 6a of the extrinsic base electrode 
within the above-defined temperature range. 55 

When the intrinsic base layer 9 which is made of 
single crystal silicon germanium doped with an impurity 
at a high concentration is formed, the total in thickness 
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of the low concenrafion collector layer 8 and the intrin- 
sic base layer 9 is made larger than the critical layer 
thickness by the selective growth. In this corxjition, the 
polysilicon germanium is deposited from the bottom 
surface of the overhang 6a of the extrinsic base elec- 
trode 6 along with the growth of the single crystal silicon 
germanium thereby forming the external base 10. At the 
time when the total thickness of the intrinsic base layer 
9 and the external base 10 becomes equal to a differ- 
ence in thickness between the collector base isolation 
layer 5 and the low concentration collector layer 8, the 
intrinsic base layer 9 and the extrinsic base electrode 6 
are connected to each other (see Fig. 70). 

After the connection of the intrinsic base layer 9 
with the extrinsic base electrode 6 through the external 
base 10, the low concentration cap layer 11 made of 
single crystal silicon (or single crystal silicon germa- 
nium) is formed in order to suppress the tunnel current 
of the emitter-base junction (see Fig. 8A). At the time, 
the low concenti-ation polysilicon (or low concentration 
polysilicon germanium) 1 2 is deposited on side walls of 
the external base 1 0 along with the low concentration 
cap layer. Nevertheless, the base resistance does not 
increase since the intrinsic base layer 9 and the extrin- 
sic base electrode 6 are connected via the external 
base 10. 

After formation of the second emitter-base isolation 
layer 13 to cover the external base 10 and the polysili- 
con (or the polysilicon germanium) 12. the high concen- 
tration n-type polysilicon 14 serving as a diffusion 
source for emitter and also as an emitter electrode is 
deposited, followed by annealing to cause an n-type 
impurity to be diffused into the low concentration cap 
layer 11 thereby forming the emitter region 15 (see Fig. 
SB). 

Subsequently the insulating layer 16 is deposited, 
followed by forming openings corresponding to the emit- 
ter, base and collector regions, respectively, and then 
forming the electrodes 18 in the respective openings to 
obtain the sectional structure shown in Fig. 1 . 

In accordance with this embodiment the influence 
of tile energy barrier developed at the collector base 
interface owing to the band gap between the silicon and 
the silicon germanium can be reduced without increas- 
ing a base resistance and capacitances at the emitter- 
base interface and also at the collector base interface. 
Additionally because \he leakage current in the base 
region can be reduced, a high-speed bipolar transistor 
is obtainable wherein cutoff frequency, fj, and maximum 
frequency, f^a^. respectively, 10 GHz or above. The 
use of this type of ti-ansistor enables one to attain high 
speed and high performance of circuits. 

Embodiment 2 

Rg. 10 shows a. sectional view showing the struc- 
ture of a bipolar transistor according to a second 
embodiment'of the invention. The method of fabricating 
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the bipolar transistor having the structure of this embod- 
iment is described below. 

Like Embodiment 1. a high concentration n-type 
buried layer 2, a low concentration n-type collector layer 
3. a device isolation layer 4. a collector base isolation s 
layer 5, an extrinsic base electrode 6, and an emitter- 
base isolation layer 7 are formed on a silicon substrate 
1, respectively. Next, the emitter-base isolation layer 7, 
the extrinsic base electrode 6 and the collector base 
isolation layer 5 are etched to form an opening, followed io 
by further formation of a low concentration n-type col- 
lector layer 8, a p-type intrinsic base layer 9. a p-type 
external base layer 10. a low concentration cap layer 1 1 . 
and a low concentration polysilicon (or polysilicon ger- 
manium) 12 in the opening as shown. is 

After coverage of the external base with an emitter- 
base isolation layer 13. an emitter electrode 14 made of 
high concentration n-type polysilicon is deposited, fol- 
lowed by annealing to form an emitter region 15 within 
the low concentration cap layer 11. so 

Finally, an insulating layer 16 is deposited in the 
same manner as in Emtxxdiment 1 . and an opening is 
formed at a collector portion of the insulating layers 5. 7 
and 1 6 to form a high concentration n-type extrinsic col- 
lector layer 1 7. Likewise, openings are formed at emitter 2S 
and base portions of the insulating layers 5. 7 and 16 to 
form electrodes 18. respectively. 

The compositional ratio of germanium and impurity 
concentration profiles of the bipolar transistor are simi- 
lar to those shown in figs. 5A and 5B illustrated in 3o 
respect of Embodiment 1, with similar effects being 
obtained. 

The difference from the transistor of Embodiment 1 
shown in Rg. 1 resides in that the thickness of the col- 
lector base isolation layer 5 is substantially equal to that 35 
of the low concentration n-type collector layer 8, so that 
the degree of etching for making an opening in the col- 
lector base isolation layer 5 can be reduced. This unne- 
cessitates the overhang 6a of tiie extrinsic base 
electrode, thus leading not only to the reduction in col- 4o 
lector base capacitance, but also to the suppressed var- 
iation in size of the opening. As a result, tiie working 
characteristics of circuitries using this transistor are 
improved while suppressing a characteristic variation. 

Since the degree of etching of the collector base 45 
isolation layer 5 is not so great it becomes possible to 
check the shape of tiie external base 1 0 and the con- 
nection between the intrinsic base and the external 
base as viewed from the above of wafer after formation 
of the intrinsic base layer 9. so 

Rgs. 1 1 A to 1 2B is a flowchart showing a metiiod of 
fabricating active regions which are essential to the 
bipolar transistor of this embodiment. 

The collector base isolation layer 5. the extrinsic 
base electrode 6 made of polysilicon (or polysilicon ger- ss 
manium). and tiie emitter-base isolation layer 7 are 
formed on the low concentration n-type collector 3 
made of single crystal silicon, followed by etching to 



form an opening (see Fig. 1 1 A). 

Next, the second low concentration collector layer 8 
made of single crystal germanium is epitaxially grown 
between the intrinsic layer 9 and the low concentration 
collector region 3 in order not to ^tablish any energy 
barrier at the base-collector interface. The epitaxial 
growth should be performed under conditions where 
any polysilicon germanium is not deposited on side 
walls of the extrinsic base electrode 8. like Embodiment 
1 (see Rg. 11B). 

Subsequently, the intrinsic base layer 9 made of 
single crystal silicon germanium doped with an impurity 
at a high concentration is formed and, at the same time, 
polysilicon germanium is deposited on side walls of tiie 
extrinsic base electi*ode 6 to connect between tiie intrin- 
sic base layer 9 and the extrinsic base electrode 6 (see 
Rg. 11C). 

After the connection between the intrinsic base 
layer 9 and the extrinsic base electrode 6 through tiie 
external base 10, the low concentration cap layer 11 
made of single crystal silicon (or single crystal silicon 
germanium) is formed in order to suppress the tunnel 
current at tiie emitter-base junction (see Rg. 12A). At 
this time, the low concentration polysilicon 12 (or the low 
concerrtration polysilicon germanium) is deposited on 
the external base 10 along with the low concentration 
cap layer 1 1 . Nevertheless, since the intrinsic base layer 
9 and tiie extrinsic base electrode 6 are connected via 
the external base 10, the base resistance does not 
increase. 

Further, the second emitter-base isolation layer 13 
is formed to cover the external base 10 and the polysili- 
con (or polysilicon germanium) 12 therewith, after which 
a high concentration n-type polysilicon 14 serving as a 
diffusion source for emitter and an emitter electrode is 
deposited, followed by annealing to permit tiie n-type 
carrier to be diffused into the low concentration cap 
layer 11 thereby forming tiie emitter region 15 (see Rg. 
128). 

After deposition of the insulating layer 16, an open- 
ing is formed at a collector portion of the insulating lay- 
ers 5. 7 and 16 to form the high concentration n-type 
extrinsic collector layer 17. Likewise, openings are 
formed at emitter and base portions of the insulating 
layers 5. 7 and 16. followed by forming electrodes 18 in 
-the respective openings of the emitter, base and collec- 
tor to obtain the sectional sti-ucture shown in Fig. 10. 

EMBODIMENT 3 

Rg. 13 is a sectional view showing the structure of 
a bipolar transistor according to a third emtxxJiment of 
the invention. The method of fabricating a bipolar tran- 
sistor having tiie structure of ttiis embodiment is 
described below. 

In the same manner as in Emtxxjimerrt 1 , an open- 
ing for emitter, a low concentration n-type collector layer 
8, a p-type intrinsic base layer 9. and a p-type external 
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base layer are formed, respecBVBTy. After formation of a 
second emitter-base isolation layer 13 is formed to 
cover the external base layer 10, an emitter layer 19 is 
formed by epitaxial growtti- 

Next, a high concentration n-type polysillcon 14 s 
serving as an emitter electrode and an insulating layer 
16 are successively deposited, after which an opening 
is made at a collector portion of the insulating layers 5, 
7 and 1 6» in which a high concentration n-type extrinsic 
collector layer 17 is formed. Openings corresponding to io 
emitter and base portions of the emitter, base and cot- 
lector are. respectively, made and the electrodes 18 are 
formed in the respective openings for emitter, base and 
collector to obtain the sectional structure shown in Rg, 
13. • IS 

In this embodiment, the impurity concentration in 
the emitter layer 19 is made smaller at the emitter-base 
interface, so that the leakage current in the base region 
can be reduced, with similar results as in Embodiment 
1 . Moreover, since the emitter layer 1 9 is formed by epi- 20 
taxial growth, the impurity concentration in the emitter 
layer and the layer thickness can be appropriately con- 
trolled, thereby reducing a variation in performance of 
the resulting transistor. 

Additionally, the interfacial area of the emitter-base 25 
can be reduced, resulting in the reduction in the capac- 
itance between the emitter and the base. Thus, circuit- 
ries using this transistor can be improved in 
characteristcs- 

30 

Embodiment 4 

Fig. 14 is a view showing a sectional structure of a 
bipolar transistor according to a fourth embodiment of 
the invention. In this embodiment, the thickness of a col- 35 
lector base isolation layer 5 is substantially equal to that 
of a low concentration n-type collector layer 8. like 
Embodiment 2. Thus, the degree of etching can be 
reduced when the collector base isolation layer 5 is 
formed with an opening by etching. In the same manner 40 
as in Embodiment 2. an opening for emitter, a low con- 
centration n-type collector layer 8, a p-type intrinsic 
base layer 9. and a p-type external base layer 10 are. 
respectively, formed. Thereafter, an emitter layer 19 is 
formed by epitaxial growth in the same manner as in 45 
Emtxxdiment 3, so that the impurity concentration in the 
emitter layer 19 and the layer thickness can be appropri- 
ately controlled, leading to the reduction in variation of 
transistor performance. Accordingly, like Embodiments, 
circuitries using the transistor of this embodiment can so 
be improved in characteristics. 

Embodiment 5 

Rgs. ISA and 15B are graphs relating to a bipolar ss 
transistor according to a fifth embodiment of the inven- 
tion wherein Fig. 15A is a graph showing a composi- 
tional ratio of germanium in the transistor and Rg. 15B 
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is a graph showin^oncentration profiles of impurities. 
The structure of the transistor to which the characteris- 
tics of these figures are applicable may be any one of 
those shown in Figs. 1, 10, 13 and 14. In this embodi- 
ment, any sectional structure is not particularly shown. 
With regard to reference numerals used herein for illus- 
tration, reference may be made, for example, to the view 
of the sectional structure of Fig. 1. This is true of the 
cases of Embodiments 6 to 8 appearing hereinafter. 

As shown in Rg. ISA. the compositional ratio of 
germanium in the intrinsic base layer 9 of the transistor 
of this embodiment decreases from the collector side 
toward the emitter side. The energy band structure in 
this condition is shown in Fig. 16. Fig. 16 reveals that 
the energy band is inclined relative to the compositional 
ratio of germanium in the base layer. The carriers 
charged from the emitter are accelerated in the base 
layer owing to the electric field ascribed to the inclined 
energy band, enabling one to attain higher speed oper- 
ations of the transistor. When using this type of transis- 
tor, the circuit characteristics can be further improved 
while attaining those effects having set out with respect 
to Embodiments 1 to 4 ' It will be noted that as shown in 
the impurity concentration profiles in Fig. 1 5B, the impu- 
rity concentration at the emitter-base junction, j^B, of 
this embodiment is lower than that of the prior art shown 
in Fig. 38. Thus, the tunnel current at the emitter-base 
junction can be reduced. 

Embodiment 6 

Rgs. 1 7A and 1 78 are characteristic graphs of a 
bipolar transistor according to a sixth embodiment of the 
invention wherein Fig. 17A shows a compositional ratio 
of germanium in the transistor, and Rg. 178 shows 
impurity concentration profiles. The structure of the 
transistor to which the characteristics of these figures 
are applicable may be any one of those shown in Figs. 
1, 10, 13 and 14. Accordingly, any sectional structure is 
not particularly shown, like Embodiment 5. 

As shown in Rg. 1 7A. the transistor of this embodi- 
ment is so arranged that the compositional profile of 
germanium decreases from the collector side toward 
the emitter side not only in the intrinsic base layer 9, but 
also in the low concentration n-type collector layer 8. 
The energy band structure in this case is shown in Rg. 
18. As will be seen from Fig. 18. in addition to the 
inclined energy band in the base layer, the energy t^and 
in the depletion layer between the collector and the 
base can be inclined. In this arrangement, the carriers 
charged from the emitter is accelerated not only in the 
base layer and in the depletion layer at the collector 
base interface, but also in tine low coricentration n-type 
collector layer 8. The resultant transistor Is operable at a 
higher speed. Using tiiis type of transistor, the circuit 
characteristics can be further improved while showing 
the effects attained in Embodiment S. 
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Embodiment 7 

Rgs. 19A and 198 are characteristic graphs of a 
bipolar transistor according to a seventh embodiment of 
the invention wherein Rg. 19A shows a compositiona! 
ratio of germanium in the transistor, and Rg. 198 shows 
impurity concentration profiles. The structure of the 
transistor to which the characteristics of these figures 
are applicable may be any one of tfiose shown in Rgs. 
1 . 10. 13 and 14. Accordingly, any sectional structure is 
not particularly shown, like Embodiment 5. 

The transistor of this embodiment is similar to the 
transistor of Embodiment 6 in that the compositional 
profile of germanium decreases from the collector side 
tQyvmcctJb.e^efi!itt§^ .theJotrJinsiG*base 
layer 9. but also in the low concentration n-type collector 
layer 8. In this connection, however, with the transistor 
of this embodiment, the inclinations of the profiles in the 
intrinsic base layer 9 and in the low concentration n-type 
collector layer 8 differ from each other. More particularly, 
the transistor of this embodiment differs from that of 
Embodiment 6 in that the compositional ratio of germa- 
nium at the side of the collector is less than a maximum 
level at which any defect is not incorporated in the low 
concentration n-type collector layer 8 and the intrinsic 
base layer 9 as will be caused by strains. 

The energy band structure in this case is shown in 
Rg. 20. In addition to the inclined energy band in the 
base layer, the energy band in the depletion layer 
between the collector and the base can be inclined and 
the leakage current ascribed to crystal detects can be 
reduced. Using this type of transistor, the drcuit charac- 
teristics can be further improved while showing the 
effects of Embodiment 6. 

Embodiment 8 

Figs. 21 A and 218 are characteristic graphs of a 
bipolar transistor according to an eighth embodiment of 
the invention wherein Rg. 21 A shows a compositional 
ratio of germanium in the transistor, and Rg. 21 B shows 
impurity concentration profiles. The structure of the 
transistor to which the characteristics of these figures 
are applicable may be any one of those shown in Rgs. 
1. 10, 13 and 14. Accordingly, any sectional structure Is 
not particularly shown, like Embodiment 5. 

The compositionaJ ratio of germanium in the intrin- 
sic base layer 9 of the bipolar transistor of this embodi- 
ment is made smaller from the collector side toward the 
emitter side. In tiie low concentration n-type collector 
layer 8, the compositional ratio of germanium is made 
smaller toward the collector side. The energy band 
structure of the transistor is shown in Rg. 22. As shown 
in Fig. 22, there is no energy barrier at tiie interface 
between the first low concentration n-type collector 
layers and the secorxj low concentration n-type collec- 
tor layer 8 in this embodiment. The cam'ers accelerated 
with the assistance of the inclination of the energy band 



in the intrinsic base layer 9 arrive at the collector without 
suffering any influence of tiie energy barrier. As a con- 
sequence, higher speed operations of the transistor 
becomes possible. Circuitries using this type of transis- 
5 tor ensure more improved high speed operations, aside 
from the effects attained in Embodiments 1 to 4. 

Embodiment 9 

10 Rg. 23 is a view showing a ninth embodiment using 
bipolar transistors of the invention and is more particu- 
lariy a circuit diagram of a pre-amplifier circuit used in 
an optical communication system. As is well known in 
the art. the optical communication system requires high 

75 speed. .ti:ansniissionM0n.the^, order.. of-several-ten 
Gb/second and, especially, its pre-amplifier circuit has 
to be worked at high speed. When using the transistor 
of the invention as a transistor for the amplifier circuit, 
the overall performance of the amplifier circuit can be 

20 remarkably innproved. 

In Rg. 23. reference numeral 300 indicates a semi- 
conductor integrated circuit constituting a pre-amplifier 
formed on a single semiconductor substrate. An input 
terminal IN of the 5em.!ConduGtQr integrated drcu.^t 300 

2S is externally connected with a photodiode PD. and a de- 
coupling capacitor 303 is externally connected between 
a voltage supplier terminal 301 and a ground terminal 
302. The photodiode PD is a light receiving device for 
receiving optical signals transmitted via an optical trans- 

30 mission cable, and the de-coupling capacitor 303 is a 
capacitor which serves to short-circuit an AC compo- 
nent between the voltage supplier line and the ground 
line. 

Bipolar transistors Q1 and Q2 are ones which con- 

35 stitute an amplifier circuit. For this purpose, any of the 
bipolar transistors of the invention having such struc- 
tures as illustrated in Embodiments 1 to 8 may be favo- 
rably used. Diode D1 is a diode for level shifting and 
may be obtained by short-crrcuiting between the base 

40 and the collector of a bipolar transistor of the invention. 
Alternatively, a plurality of diodes which are connected 
in series may be used, if necessary. Reference numer- 
als R1. R2 and R3 are. respectively, a resistor, and OUT 
indicates an output terminal. If necessary, a output 

4s buffer circuit may be inserted between the output termi- 
nal OUT and the emitter of the ti^nsistor Q2. 

The semiconductor integrated circuit 300 constitijt- 
ing the pre-amplifier circuit of the optical communication 
system of this embodiment is so operated that an opti- 

50 cal signal transmitted through the optical transmission 
cable is converted into an electric signal by means of 
the photodiode PD, followed by inputting to the input ter- 
minal IN. The inputted electric signal is amplified by 
means of the amplifier transistors Q1 and Q2 and out- 

55 putted from the output terminal OUT. Using any of the 
bipolar transistors of the invention illustrated in Embodi- 
ments 1 to 8. it is possible to realize that the pre-ampli- 
fier circuit of the embodiment has a band characteristic 
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of 40 GHz or above. 

The pre-amplrfler circuit for the 40 Gb/second opti- 
cal communication system should have such a perform- 
ance that its band with a gain reduction of -3 dB in the 
frequency characteristic is 40 Gb/second. To this end. 5 
the bipolar transistor used should satisfy the require- 
ments that cutoff frequency, ft ^ 100 GHz. base resist- 
ance, ryj' < 100 O, and collector junction capacitance. 
Ore, < 2f F. In order to satisfy the requirements, the bipo- 
lar transistor having a structure, for example, of Fig. 1 is io 
so designed that it has an emitter width, Wg, of 0.2 \im, 
an emitter length. Lg. of 2 jim. an amount of carrier con- 
centration in the base layer, Nb, of 1 x 10**^ cm'^, a base 
width, Wb. of 30 nm. and a doping amount of the high 
concentration n-type polysilicon used as a diffusion rs 
source for emitter of 2 x 10^° cm*^. wherein the emitter 
is annealed under conditions of SOO^'C and approxi- 
mately 30 seconds. 

The sectional view of a front end module of the opti- 
cal communication system wherein the photodiode PD 20 
and the pre-amplifier circuit are integrated on a mount- 
ing board is shown in Fig. 24. In Fig. 24, reference 
numeral 401 indicates an optical fiber, reference 
numeral 402 indicates a lens, reference numeral 403 
indicates a photodiode, and reference numeral 404 indi- 25 
cates a semiconductor integrated circuit including a pre- 
amplifier. 

The photodiode 403 and the pre-amplifier IC 404 
are mounted on a board 407. The photodiode 403 and 
the pre-amplrfier IC 404 are connected to an output ter- 30 
minal 406 via a wiring 405 connecting the diode and the 
amplifier. The board 407 is encased in a hermetically 
sealed package 408 such as a metallic case. Although 
not shown, a capacitor 303 shown in Fig. 23 is mounted 
on the board 407. The photodiode and the pre-amplifier 35 
which constitute the front end are arranged in the same 
module, so that the signal path can be shortened. This 
leads to little likelihood of noise generation and can sup- 
press a parasitic L component (inductance component) 
or a C component (capacitance component) at a low 40 
level. 

In the front module shown in Fig. 24, the optical sig- 
nal inputted from the optical fiber 401 is focused by 
means of the lens 402 and is converted to an electric 
signal by means of the photodiode 403. This electric 45 
signal is amplified in the pre-amplifier IC403 through the 
wiring 405 on the board 407 and outputted from the out- 
put terminal 406. 

Figs, 25 and 26 show an optical communication 
system arrangement using the pre-amplifier circuit and so 
the front end module shown in Figs. 23 and 24, respec- 
tively. 

Rg. 25 shows a transmitting module 500 of the opti- 
cal communication system. An electric signal 501 to be 
transmitted is inputted to a multiplexer MUX wherein it is ss 
multiplexed, for example, at 4:1. The resultant output 
signal is sent to a driver 502. A semiconductor laser LD 
invariably outputs a beam of a given intensity. The out- 
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put beam from f^^emiconductor laser LD is transmit- 
ted to an optical fiber 504 via an external modulator 503 
capable of afc>sorbing or non-absorbing a beam depend- 
ing on the output of a driver 502. The transmitter module 
shown in Fig. 25 is of a so-called external modulation 
type. Instead, it is possible to adopt a direction modula- 
tion type wherein the emission from the semiconductor 
laser LD is directiy controlled. In general, the transmis- 
sion from the external modulation type module is suita- 
ble for high-speed and long-distance transmission 
because its spectral oscillation is less spread owing to 
chirping. 

Rg. 26 shows an optical receiver module 510 of the 
optical communication system. In Fig. 26, reference 
numeral 520 indicates a front end module unit. The front 
end module unit 520 includes a photo detector 521 
wherein an optical signal transmitted through an optical 
fiber 544 is converted into an electric signal and output- 
ted, and a pre-amplifier 522 for amplifying an output 
from the detector. The electric signal amplified with the 
pre-amplrfier 522 is inputted to a main amplifier unit 530 
wherein it is further amplified. The main amplifier unit 
530 is so arranged tiiat in order to keep a constant out- 
put while avoiding any variation as will be caused by an 
optical communication distance or a iot-to-lot deviation, 
the output of a main amplifier 532 is fed back to an auto- 
matic gain controller (AGO) 531 . The main amplifier unit 
530 may be not only of the type wherein the gain is con- 
trolled, but also may be a limiting amplifier whei-ein the 
amplitude of an output is limited. Reference numeral 
580 is a voltage supplier for the photo detector 521 . 

A decision circuit 540 is so arranged as to perform 
one bit analog-digital conversion in synchronism with a 
given clock, so that the output of the main amplifier unit 
530 is digitized. This digital signal is de-multi*plexed witii 
a de-multiplexer DMUX, for example, at 1:4, and is 
inputted to a subsequent digital signal processor 560 
wherein it is processed as required. 

A clock extractor unit 550 is to form a clock for con- 
trolling the operation timings of the decision circuit 540 
and the de-multiplexer DMUX from the converted elec- 
tric signal. In the clock extractor unit 550, the output 
from the main amplifier unit 530 is rectified in a rectifier 
551 and is filtered with a narrow-band filter 552 to 
extract a clock signal. The output of the filter 552 is 
inputted to a phase shifter 553. The phase shifter 553 is 
one wherein the filter output and the phase of the ana- 
log signal are matched, i.e. the filter output is delayed on 
the basis of a predetermined quantity of delay. The out- 
put of the phase shifter 553 is inputted to the decision 
circuit 540 and DMUX 570 through a limiting amplifier 
554. 

In the optical cornmunication system set out herein- 
above, the bipolar transistors of the invention illustrated 
in Emt>odiments 1 to 8 may be used to constitute vari- 
ous types of circuits used in tine system. Likewise, the 
circuit for the main amplifier 532 may be one which is 
shown in Rg. 23. 
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The bipolar transistor of the invention fabricated 
according to the embodiments can be operated at such 
a high speed that the cutoff frequency, fj and the maxi- 
mum cutoff frequency, imax* are as high as 100 GHz. so 
that signals of a large capacitance of 40 Gbits per sec- 
ond can be transmitted and received at high speed, in 
prior art circuits necessary for high-speed operations, it 
has been necessary to use a GaAs transistor whose 
operation speed is higher than a silicon bipolar transis- 
tor. However, the inexpensive silicon bipolar transistor of 
the invention can be applied to such circuits as men- 
tioned above, enabling one to reduce the total cost of 
the optical communication system. 



Rg. 27 is a view showing a tenth embodiment using 
the bipolar transistors of the invention and is more par- 
ticularly a block diagram of a mobile wireless trans- 
ceiver to which the bipolar transistors of the invention 
are applied. In this embodiment, the bipolar transistors 
of the invention illustrated in Embodiments 1 to 8 are 
applied to circuits of the respective blocks of the mobile 
wireless transcsK-'sr such as a low noise amplifier 603, 
a synthesizer 606. a PLL (phase locked loop) 611 and 
the like. 

The mobile wireless transceiver shown in Fig. 27 is 
operated in the following manner. An input signal from 
an antenna 601 is amplified in a low noise amplifier 603. 
An oscillator 605 is oscillated by means of a frequency 
synthesized in a synthesizer 606, and the signal from 
the low noise amplifier 603 is subjected to down conver- 
sion into a lower frequency by means of a down mixer 
604 by use of the signal emitted from the oscillator 605. 

An osdilator 610 oscillats the input signal by means 
of a frequency generated in PLL 61 1 . and a signal from 
the down mixer 604 is de-mcxJulated in a de-mcxdulator 
609 using the signal emitted from the oscillator 61 0. The 
thus de-modulated signal is processed in a signal proc- 
essor dealing with a lower frequency 

The signal generated from the signal processor 613 
is modulated in the modulator 612 by use of the signal 
from PLL 611. The thus modulated signal is up con- 
verted into a high frequency in an up mixer 608 by use 
of the signal which is osdilated with the oscillator 605 
based on the signal synthesized by means of the syn- 
thesizer 606. The high frequency signal is amplified with 
the power amplifier 607 and transmitted to the antenna 
601- 

It will be noted that a switch 602 is one which 
switches over transmission to reception and vice versa 
of a signal, and receives a control signal, not shown, 
from the signal processor 613 to control whether the 
signal is transmitted or received. The signal processor 
613 is connected with a speaker or a microphone not 
shown, enabling one to input or output sourxd signals. 

Any of the bipolar transistors set out in Embodi- 
ments 1 to 8 may be applied to the respective blocks of 



the mobile wireless transceiver shown in Rg. 27. and 
particularly to the blocks of the low noise amplifier 603. 
the synthesizer 606 and PLL 611 to constitute the 
respective circuits. The transistor of the invention can 

5 be reduced in base resistance and base collector 
capacitance, so that when such a transistor is. respec- 
tively, applied to the low noise amplifier 603, the synthe- 
sizer 606 and PLL 611. it is possible to reduce noises 
and power consumption. Thus, a mobile wireless trans- 

70 ceiver which is low in noise as a whole and is usable 
over a long term can be realized. 

Embodiment 1 1 

^75^. ™^fiig5^28iiswa*viewASh<^ 

using the bipolar transistors of the invention and is more 
particularly a circuit diagram of a D flip flop for a PLL 
prescaler of a mobile wireless transceiver to which the 
bipolar transistors of the invention are applied, 

20 In this embodiment, the bipolar transistors of the 
invention illustrated in Embodiments 1 to 8 are used as 
transistors 701 to 712 of circuits shown in Fig. 28. 

The input signal of the D flip flop circuit, the clock 
signal and the output signal, respectively, have only two 

25 states of high and low potentials. The input signal and 
the reverse input signal are. respectively, inputted to ter- 
minals 719 and 720. and the clock signal and the 
reverse clock signal are. respectively, terminals 721 and 
722. An output signal and a reverse output signal are. 

30 respectively, obtained from terminals 723 and 724. 

The current paths passing through current sources 
718 and 719. respectively, change to either a transistor 
709 or a transistor 710 and a transistor 711 or a transis- 
tor 712 by means of the clock signal. The on-off opera- 

35 tion of each of transistors 701 to 706 is determined by 
the input signal, the clock signal, a potential at a low end 
of resistors caused by a current passing through resis- 
tors 713 and 714. An input value is outputted as an out- 
put signal of this circuit where the clock signal is 

40 changed from low to high potential, otherwise a pre- 
input value is kept as it is. 

The circuit of this embodiment may be constituted 
using any of the bipolar transistors of the invention illus- 
trated in Embodiments 1 to 8. The transistors of the 

45 invention can be reduced in the base resistance and the 
capacitance between the base and the collector, ena- 
bling one to realize a reduced power consumption of 
PLL of mobile wireless transceivers. 

As stated hereinabove, according to the invention, 

so since any energy barrier is not established at the collec- 
tor base interface, the transmit time of the carriers 
charged from the emitter is shortened, enabling the 
high-speed operation of the transistor. The intrinsic 
base and the extrinsic base electrode are connected via 

55 the doped externa! base thereby reducing the base 
resistance. This also leads to the high-speed operation 
of a circuit using the bipolar transistor. Moreover, the 
emitter-base-collector are self-alignedly formed, so that 
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the capacitances between the emiSer and the base and 
between the collector and the base can be reduced, 
thus making it possible to operate the circuit using the 
bipolar transistor at high speed. 

The bipolar transistor of the invention and its febri- 
cation method are able to reduce the capacitance 
between the emitter and the base, the capacitance 
between the base and collector, and the base resist- 
ance. The bipolar transistor which is high in speed and 
operable at a high frequency is obtained. 

Using the bipolar transistor of the invention in cir- 
cuits or systems necessary for high-speed operations, it 
is possible to improve the performance of the circuit and 
the system. 

Preferred embodiments of the invention have been 
described hereinabove, tt should be noted that the 
invention should not be construed as limiting to these 
embodiments, and various variations may be possible 
without departing from the spirit of the invention. 

Claims 
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1 . A bipolar transistor comprising 

a multilayered film which includes a single- 
crystal silicon layer (3) of a first conduction 
type, a first insulating layer (5) formed on the 
surface of said single-crystal silicon layer (3) of 
the first conduction type and having an opening 
therein, a polycrystalline layer (6) of a second 
conduction type opposite to the first conduction 
type, and a second insulating layer (7), 
a single-crystal silicon-germanium layer (8) of 
the first conduction type formed in the opening, 
a single-crystal silicon-germanium layer (9) of 
the second conduction type formed on said sin- 
gle-crystal silicon-germanium layer (8) of the 
first conduction type, and 
a polysilicon-germanium layer (10) formed in 
contact with both said single-crystal silicon- 
germanium layer (9) of the second conduction 
type and said polycrystalline layer (6) of the 
second conduction type. 

2. The transistor of Claim 1 , wherein said polycrystal- 
line layer (6) of the second conduction type consists 
of a polysilicon layer or a polysilicon-germanium 
layer (10). 

3- The transistor of Claim 1 . wherein said single-crys- 
tal silicon-germanium layer (8) of the first conduc- 
tion type has a thickness of at lest 5 nm. 

4. The transistor of Claim 1 , further comprising a sec- 
ond single-crystal layer (1 1) of the second conduc- 
tion type which is formed on said single-crystal 
silicon-germanium layer (9) of the second conduc- 
tion type and has a lower impurity concentration 



than said singlSWystal silicon-germanium layer (9) 
of the second conduction type. 

5. The transistor of Claim 1 . further comprising a sec- 
5 ond single-CTystal layer (1 1) of the first conduction 

type formed on said single-crystal silicon-germa- 
nium layer (9) of the second conduction type. 

6. The transistor of Claim 4 or 5. wherein said second 
10 single-crystal layer (1 1) consists of a single-crystal 

silicon layer or a single-crystal silicon-germanium 
layer. 

7. The transistor of Claim 1, wherein the composi- 
15 tional ratio of germanium in said single-crystal sili- 
con-germanium layer (9) of the second conduction 
decreases from the side of said first single-crystal 
silicon layer (3) of the first conduction type toward 
the surface. 

20 

8. The transistor of Claim 7, wherein the composi- 
tional ratio of germanium in said single-crystal sili- 
con-germanium layer (8) of the first conduction type 
decreases from the side of said single-crystal sili- 

25 con layer (3) of the first conduction type toward the 
surface. 



9. The transistor of Claim 8, wherein the gradients in 
the compositional ratios of germanium in said sin- 

30 gle-crystal silicon-germanium layers (8, 9) of the 
first and second conduction types are different. 

10. The transistor of Claim 7. wherein the composi- 
tional ratio of germanium in said single-crystal sili- 

35 con-germanium layer (8) of tine first conduction type 
decreases from the surface toward the side of said 
single-crystal silicon layer (3) of the first conduction 
type. 

40 11. A metinod of fabricating a bipolar transistor which 
comprises the steps of 

forming a multi-layered film, including a first 
insulating layer (5) on the surface of a single- 
crystal silicon layer (3) of a first conduction type 
and having an opening therein, a polycrystal- 
line layer (6) of a second conduction type oppo- 
site to the first conduction type, and a second 
insulating layer (7). 

forming a single-crystal silicon-germanium 
layer (8) of the first conduction type in the open- 
ing, and 

forming a single-crystal silicon-germanium 
layer (9) of the second conduction type on the 
single-crystal silicon-germanium layer (8) of 
the first conduction type and simultaneously 
forming a polysilicon-germanium layer (iO) of 
the second conduction type which is in contact 
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with both the single-crystal silicon-germanium 
layer (9) of the second conduction type and the 
polycrystalline layer (6) of the second conduc- 
tion type, wherein 

the single-crystal silicon-germanium layer (8) 5 
of the first conduction type and the single-crys- 
tal silicon-gertnanium layer (9) of the second 
corduction type are formed by epitaxial growth 
under conditions of a growth temperature of 
500 to 700 and a growth pressure of not to 
exceeding 100 Pa. 

12. An optical reception system which comprises 

a, pho^^detectQry(52f)^for.^i;e<^ ^i\ ^ T ;iq^ a 9^oqti , c ^ 



signal and outputting an electric signal* 
a first amplifier circuit (522) for receiving the 
electric signal from said photo detector (521), 
a second anplifier circuit (532) for receiving the 
output from said first amplifier circuit (522). and 20 
a decision circuit (540) for converting the out- 
put from said second amplifier circuit (522) into 
a digital signal in synchronism with a given 
clock signal, wherein 

said first amplifier circuit (522) includes 2S 
a first bipolar transistor (Ql) having its base . 
connected to said photo detector (521) and a 
second bipolar transistor (Q2) having its base 
connected to the collector of said first bipolar 
fransistor (Q1 ) and its collector connected to an 30 
input of said second amplifier circuit (532). at 
least one of the first and second bipolar transis- 
tors (Ql. Q2) being one as defined in any of 
Claims 1 to 10. 

35 

13. The system of Claim 12. wherein the first and sec- 
ond bipolar transistors (Ql . Q2) are formed on a 
single semiconductor chip (404), and said semicon- 
ductor chip and said photo detector (493) are 
mounted on a single board (407). 4o 
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